Abstract: Novel efficient chemical processes involving cheap and widely accessible carbon dioxide or carbon monoxide under mild conditions for the production of valuable chemical products are highly desirable in the current energetic context. Uranium nitride materials act as high activity catalysts in the Haber-Bosch process but the reactivity of molecular nitride compounds remains unexplored. Here we review recent results obtained in our group showing that a multimetallic nitride complex [Cs{[U(OSi(O t 
Introduction
Uranium nitrides are interesting candidates for application in the development of more efficient nuclear fuels, [1] in catalytic N-transfer reactions and small molecule transformation. [2] The reactivity of uranium nitrides remains practically unexplored but the recent characterization of stable mononuclear and dinuclear nitride complexes of uranium in oxidation states ranging from +3 to +5 [3] renders accessible the study of the reactivity of these species. Reactions that lead to N-C bond formation are of great interest, as they are involved in the synthesis of value-added chemicals such as amino acids or pharmaceutical. [4] It is desirable to design synthetic methods involving the use of cheap and available C 1 feedstock such as carbon dioxide. [5] A handful of examples of transition metals complexes able to form N-C bonds from carbon dioxide and activated dinitrogen or nitride complexes [6, 7] have been reported but before our reports reviewed here, [8, 9] f elements molecular nitrides had not been shown to react with CO 2 . Another readily available C 1 feedstock used in industry for the production of a wide variety of chemicals such as methanol, acetic acid, phosgene and hydrocarbons [10] is carbon monoxide. The cleavage of the carbon oxygen bond, one of the strongest bonds in chemistry (dissociation energy at 298 K = 1076 kJ mol -1 ) is achieved in the Fischer-Tropsch process, used for hydrocarbon production from CO and H 2 . This process requires the use of heterogeneous transition-metal catalysts at elevated temperatures. [11] It is an important current challenge to explore new, mild conditions for the CO cleavage reaction, in the search of new routes for the production of functionalized organic molecules. The direct addition of CO to a metal-nitride is rare and it is observed only for highly nucleophilic nitride complexes, [3n,12] usually leading to the release of the resulting cyanate ligand. [3n,12d] Only a few examples of CO cleavage by metal complexes have been reported so far that led to the formation of metal-carbide complexes and oxo clusters. [13] The binding [14] and the reduction [15] of CO by uranium(iii) complexes has been demonstrated. Deltate, [16] squarate [16b,17] or ethynediolate dianions [18] have been identified as products in the reaction of uranium(iii) compounds with CO. Here, we review the previously reported [8, 9] ability of the nitride-bridged diuranium
(1), [19] to promote N-C bond formation in the reaction with small molecules. The nitride group, bridging two uranium(iv) centers, is highly nucleophilic, and its ability to lead to N-C bond formation allowed us to characterize several new compounds. In particular, in the reactions with CS 2 , CO 2 [8] and CO, [9] a cyanate/thiocyanate complex, a dicarbamate complex and a cyanide/ oxo complex were formed, respectively. The unusually high nucleophilic character of the nitride leads to complete cleavage of the CO triple bond. We also demonstrated [9] that the direct methylation of the nitride complex 1 leads to Lewis-acid-to 1 (Scheme 1c). The crystal structure of 4 ( Fig. 3) shows a dicarbamate ligand, bridging the two uranium atoms forming two fused rings that share one of the new N-C bonds. One carbamate oxygen is slightly out of the plane of the dicarbamate ligand and is bound to the cesium cation. In the fragment O122-C121-O121 the negative charge is delocalised (O121-C121 and C121-O122 bond lengths of 1.292(5) and 1.282(4) Å) while the double bond character of the C122-O124 bond (1.229(6) Å) with respect to C122-O123 (1.317(4) Å) suggests charge localisation.
Thus our recent report [8] described the unprecedented insertion of CO 2 into a metal nitride, yielding a dicarbamate ligand. Indeed, complexes with the N(CO 2 ) 2 3− ligand have never been reported, as the synthesis of the protonated species is not trivial. [24] The insertion reactions of CO 2 into U III -N amide or U IV -N amide bonds resulting in the formation of U(iii) or U(iv) O-bound carbamate complexes [25] or U(iv) isocyanate complexes [26] had been reported previously by other groups. However, complex 4 provided the first example of CO 2 insertion into a U-N nitride bond. Å). While two other examples of uranium trithiocarbonate complexes were previously reported, [22] S-bound thiocyanate ligands could not be found in the Cambridge Structural Database.
The presence of the bridging NCS . [23] We have also reported [8] that when only 1 equiv. CS 2 is added to 1, the 13 C NMR spectrum in DMSO-d 6 shows the presence of free NCS − . This indicates that the formation of complex 3 probably results from the reaction of a sulphide/thiocyanate-
, with a second equiv. of CS 2 . Previous examples of nucleophilic addition of CS 2 were shown for a sulphidebridged diuranium(iv) complex [22a] and for a V(v)terminal nitride. [7b] We recently reported [8] that addition of CO 2 to complex 1 results in a different reac- (4) was formed after addition at low temperature (-70°C) of 3 equiv. CO 2 assisted disproportionation of the uranium atom, a completely new reactivity in nitride chemistry.
Reaction with CO 2 and CS 2 : N-C Bond Formation
We recently showed [8] 
, can be stored at −40°C, in solution but decomposes at higher temperatures (Scheme 1a). In particular, complex 1 undergoes thermolysis at 80°C in toluene to afford the new imidobridgedsiloxide/silandiolatediuranium(iv) complex, [Cs{U 2 (OSi(O two U-N imido bond lengths found for the tert-butylimide bridge are 2.300(3) and 2.398(3) Å, slightly longer than those of dinuclear U(iv) imido complexes (2.156(8)-2.378(3) Å). [21] The high nucleophilicity of the bridging nitride inspired us to investigate the reactivity of this complex towards CS 2 and CO 2 . We have shown [8] that the reaction of 1 with two equiv. CS 2 (Scheme 1b) results in the prompt formation of complex
3) (58% yield). The crystal structure of 3 (Fig. 2) shows the presence of a bridging thiocyanate and a bridging trithiocarbonate ligand, binding the two uranium atoms and the cesium cation in a µ 3 -κ Bu transfer from the ligand to the nitrogen atom to form complex 2 (a); reaction with 2CS 2 to form complex 3 (b); reaction with CO 2 to form complex 4 (c). The products were stored at -40°C. heterodimetallic CsU=N=U nitride led to the first example of complete cleavage of CO by a nitride complex under ambient conditions. The CO cleavage affords a new complex containing two U(iv) cations bridged by an oxo and a cyanide group. This complex can transfer the cyanide group to electrophiles leading to N-C bond We also showed [9] 2 ].2(C 7 H 8 ) (7) (Scheme 2b). The solution was kept at -40°C and light blue crystals of the bis(imido) complex 6 were recovered after 24 h. Attempts to isolate the two products in a pure form from this reaction were not successful. However, the reaction of complex 1 with 2 equiv. MeOTf resulted in the isolation of complex 7 in 60% yield.
The crystal structure of 6 (Fig. 5a ) shows two independent diuranium(v) complexes (only one is shown in Fig. 5a ) where two uranium atoms are bridged by two methylimido ligands. The solid-state structure of 7 (Fig. 5b) shows a diuranium(iii) complex where two uranium atoms are bridged by two triflate anions, each one binding the two uranium centres and a cesium cation.
Thus, the alkylation of 1 promotes the valence disproportionation of U(iv) into U(v) and U(iii). This exceptional reactivity is remarkable since U(iii) and U(v) complexes are usually more prone to disproportionation, [28] while U(iv) complexes are generally much more stable.
Conclusion
In conclusion our recent work [8, 9] demonstrated that nitride functionalization with heteroallenes is readily effected by uranium. The work opens up new selective pathways for the synthesis of new organic molecules from cheap CO 2 feedstock and metal nitrides. Moreover, the high nucleophilic reactivity of the nitride ligand in the We recently showed [9] that the addition of stoichiometric amounts of CO or (5) were isolated in 60% yield at -40°C (Fig. 4) . The solid-state structure of 5 shows the presence of a diuranium(iv) complex where two uranium atoms are bridged by one oxo ligand and one cyanide ligand. This indicates that the bridging nitride of 1 promotes the ready cleavage of carbon monoxide. The resulting cyanide ligand adopts a bridging mode with U-C (2.609(7) Å) and U-N (2.576(6) Å) bond distances comparable to those reported for cyanide bridged diuranium(iv) complexes (2.549(8)-2.583(2) Å). [27] The reductive carbonylation reactions of U(v) and U(vi) mononuclear nitrides were reported to afford U III -OCN and U IV -OCN complexes respectively. [3n] The reactivity of complex 1 is remarkably different and shows the importance of the multimetallic cooperativity of the two uranium centres and of the Cs + cation to afford complete scission of CO. The importance of such cooperative effect was also evidenced by DFT studies. [9] In order to confirm the presence of a cyanide ligand in complex 5 and to investigate the possibility of transferring the cyanide ligand to organic substrates, complex 5 was reacted with Me 3 SiI and with MeOTf (Scheme 2). The 13 C NMR spectrum after addition of Me 3 SiI to complex 5 showed the appearance of a signal at 126.3 ppm, assigned to the cyanide group of the Me 3 Si 13 CN. [12e] The formation of CH 3 13 CN, after addition of MeOTf to complex 5, was also confirmed by 13 C NMR, which shows a signal at 113 ppm. formation and release of organic molecules such as CH 3 CN or CH 3 SiCN.
The potential of these multimetallic uranium nitrides is highlighted by the fact that bridging nitrides of transition metals are often inert. The work demonstrated the possibility of implementing the selective synthesis of organic molecules from abundant and cheap CO and CO 2 feedstocks using metal nitrides. Such novel reactivity of uranium nitrides will certainly promote the development of new methods that involve both stoichiometric and catalytic N-C bond formation.
